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In the early stages of meiosis, all the telomeres in the cell attach to the nuclear envelope and 
gather near the centrosome. This polarized chromosomal array is known as the bouquet, 
as the clustered telomeres resemble the gathered stems of a floral arrangement. In this 
issue of Cell, Chikashige et al. (2006) provide intriguing clues about the molecular details 
underlying this conserved meiotic event.The genetic diversity that drives evo-
lution is greatly facilitated by meio-
sis, the process by which male- and 
female-derived genomes are recom-
bined and halved to form gametes. 
Nearly all eukaryotes celebrate this 
intermingling of parental genomes by forming a bouquet. The bouquet has 
been suggested to facilitate pairing of 
homologous chromosomes by posi-
tioning all chromosome ends within a 
limited volume in the nucleus.
The mechanisms by which cells 
collect telomeres from disparate Cell 1regions of the nucleus and pull each 
chromosome into the bouquet have 
remained elusive. To identify the 
molecules that drive this dramatic 
nuclear reorganization, the Hiraoka 
lab exploited the eukaryotic model 
organism Schizosaccharomyces 
pombe (fission yeast), in which 
bouquet structure and behavior 
are particularly striking (Chikashige 
et al., 1994). Whereas the numer-
ous telomeres in most eukaryotes 
appear as a disk when clustered, 
the 12 telomeres in a fission yeast 
zygote (24 after premeiotic S phase; 
haploid chromosome number = 3) 
appear as a compact focus con-
nected to the spindle pole body 
Figure 1. SUN Collects Telomeres
(Left panel) Two steps of bouquet formation 
described by Chikashige et al. (2006). Fission 
yeast telomeres attach to the nuclear periph-
ery throughout mitotic interphase, whereas 
centromeres attach to the SPB. In response 
to mating pheromone, yeast undergoes meio-
sis and express Bqt1 and Bqt2 in meiotic pro-
phase. The Bqts entice the SUN-domain-con-
taining protein Sad1 away from the SPB to 
the telomeres. The centromeres detach from 
the SPB, and the Bqts-SUN complex returns 
to the SPB, bringing the telomeres and pos-
sibly traveling along the nuclear membrane, 
perhaps guided by microtubules or actin 
filaments. (Right panel) Model for mammalian 
bouquet formation. Mammalian telomeres are 
not necessarily associated with the nuclear 
membrane before meiotic prophase (prelep-
totene). Expression of Bqt orthologs in the 
leptotene stage of meiotic prophase could 
trigger associations between SUN domain 
proteins and telomeres at the nuclear periph-
ery. During the zygotene stage, the SUN com-
plex would transport telomeres to positions 
near the centrosome.25, April 7, 2006 ©2006 Elsevier Inc. 19
(SPB). The SPB, the fungal equiva-
lent of a centrosome, is embedded 
in the nuclear envelope and therefore 
contacts both the nucleoplasm and 
the cytoplasm. Bouquet formation is 
elicited by pheromone induction of 
meiosis and persists through mei-
otic prophase. Throughout meiotic 
prophase, the SPB, with telomeres 
attached, traverses the cell repeat-
edly, a process that is dependent on 
microtubules and the microtubule 
motor dynein. This dramatic move-
ment stretches the nucleus into a 
characteristic shape dubbed the 
“horsetail.” It is within this constantly 
shifting horsetail nucleus that pre-
meiotic DNA synthesis and meiotic 
recombination occur.
Previous studies have shown that 
bouquet formation depends on the 
telomere binding protein Taz1 and 
its interacting partner Rap1, as well 
as on two proteins associated with 
heterochromatin formation—Rik1, a 
component of an E3 ubiquitin ligase, 
and Clr4, a histone methyltransfer-
ase (reviewed in Scherthan [2006]). 
However, the molecules that link the 
telomere chromatin complex to the 
SPB have remained elusive.
The meiosis-specific occurrence 
of the bouquet indicates that its for-
mation must be stimulated by the 
pheromone-dependent expression 
or modification of proteins that con-
tact telomeres and the SPB. Hence, 
Chikashige et al. (2006) predicted 
that expression of the “missing link” 
proteins that connect telomeres 
with the SPB would be induced by 
the pheromone response. To iden-
tify such proteins, they constructed 
microarrays and selected the genes 
that hybridized preferentially to 
RNA from cells responding to mat-
ing pheromone. Of these candidate 
genes, 83 were successfully deleted, 
and deletion of one of these genes, 
bqt1+, conferred the desired pheno-
type—a failure to cluster telomeres 
at the SPB upon meiotic induction. 
A subsequent two-hybrid screen 
identified the Bqt1-interacting pro-
tein Bqt2, which is also required for 
bouquet formation in vivo. Bqt1 and 
Bqt2 were also recently identified 
in a separate microarray analysis of 20 Cell 125, April 7, 2006 ©2006 Elsevier the meiotic transcriptome (Martin-
Castellanos et al., 2005). In line with 
their meiosis-specific transcription, 
both Bqt1 and Bqt2 show meiosis-
specific localization to the SPB, and 
neither have discernible roles during 
mitotic cell cycles. Two-hybrid and 
coimmunoprecipitation experiments 
showed that Bqt1 directly binds the 
SPB component Sad1. Bqt2 lacks 
this ability but binds Sad1 bound 
Bqt1. On the other side of the SPB-
telomere bridge, neither Bqt1 nor 
Bqt2 alone bind telomeres, but a 
Bqt1/Bqt2 complex binds to Rap1. 
These results provide an initial 
scheme for connecting telomeres 
with the SPB: Sad1 binds Bqt1, which 
recruits Bqt2, forming the complex 
that binds Rap1, thus gluing the Rap1 
bound telomere to Sad1 (Figure 1).
The most remarkable insights into 
the mechanism of bouquet forma-
tion stemmed from an experiment in 
which Bqt1 and Bqt2 were expressed 
during the mitotic cell cycle. In the 
absence of Bqt2, Bqt1 colocalized 
with Sad1 at the SPB. However, when 
both Bqt1 and Bqt2 were expressed, 
Sad1, Bqt1, and Bqt2 moved away 
from the SPB and colocalized with 
Rap1 at the telomeres. Thus, the 
presence of the Bqts elicits partial 
disassembly of the SPB, stripping 
away Sad1 and promoting its reloca-
tion to telomeres.
To determine whether Sad1 makes 
forays away from the SPB upon 
expression of the Bqts in a natural 
context, Chikashige et al. (2006) per-
formed a careful live analysis of Sad1 
fused to the red fluorescent protein 
during the early stages of meiotic 
prophase. Indeed, they observed 
Sad1 dispersing from the SPB and 
associating with Bqts bound telo-
meres. However, in marked contrast 
to its behavior upon ectopic Bqts 
expression in mitotic cells, the mei-
otic Sad1/Bqts/telomere complex 
resides away from the SPB only tran-
siently before associating with the 
SPB to form the bouquet.
These observations raise several 
new questions. First, what meio-
sis-specific signal prompts Sad1 to 
bring the Bqts-associated telomeres 
back to the SPB? Although the Bqts Inc.connect Sad1 with telomeres at sites 
distinct from the core SPB, their 
presence alone is not sufficient to 
generate bouquet formation. Thus, 
the Hiraoka lab has invoked a new 
“take me back to the SPB” activity. 
They attribute this to an interaction 
between Sad1 and the SPB protein 
Kms1 (Niwa et al., 2000). However, 
as Kms1 is a constitutive SPB com-
ponent, a meiosis-specific modifica-
tion of Kms1 or an additional com-
ponent must be postulated to explain 
why Sad1/Bqts/telomeres return to 
the SPB during meiosis and not mito-
sis. Second, is Sad1 the only SPB 
component that strays from the core 
SPB, or do multiprotein complexes of 
the SPB participate in the gathering 
of telomeres? In previous sightings 
of Sad1 distal from the SPB, Kms1 
accompanied it (Goto et al., 2001). 
Third, does the presence of intact 
telomeres influence the behavior of 
Bqt bound Sad1? In rap1∆, taz1∆, or 
rik1∆ cells, in which bouquet forma-
tion is disrupted, does Sad1 leave 
the core SPB upon Bqt expression? 
Finally, what is the force that drags 
the chromosomes into the bou-
quet? Do the Sad1-attached chro-
mosomes track along microtubules 
just outside the nuclear periphery? 
Whereas dynein motors drive horse-
tail movement, we know that they are 
dispensable for bouquet formation 
(Yamamoto et al., 1999). Is the actin 
cytoskeleton involved? Would Sad1-
mediated direction of the inherent 
mobility of chromosomes be suffi-
cient to form the bouquet?
Sad1 shares a SUN domain with 
UNC-84, a protein required for the 
positioning of the nucleus in C. ele-
gans; SUN domains are also found in 
four human proteins (Malone et al., 
1999). SUN domain proteins appear to 
play roles in attaching other proteins 
to the nuclear periphery. The work 
of Chikashige et al. (2006) expands 
this vision of SUN domain proteins to 
encompass the escort of chromatin 
around the nuclear periphery. It will 
be interesting to determine how cen-
trosomes and the nuclear membrane 
are restructured during mammalian 
bouquet formation, in which chro-
mosomes need not only to be guided 
around the nuclear periphery, but 
also displaced from the nucleoplasm 
to the periphery (Figure 1). Will mam-
malian centrosome-associated SUN 
domain proteins make forays to col-
lect telomeres as does Sad1?
Perhaps the most mysterious 
aspect of the bouquet is its func-
tion. Although it is clear that bou-
quet mutants suffer reduced homo-
log pairing and recombination, the 
effects on recombination are not nec-
essarily consonant with the severity 
of their effects on ascus morphology 
and spore viability. For example, the 
frequency of normal ascus formation 
in bqt1∆ and bqt2∆ cells was similar 
to that of cells lacking Rec12, the 
Spo11 homolog required for meiotic 
double-strand break formation and All environments are seasonal, and 
thus animals have evolved strategies 
to schedule their behavior and physi-
ology accordingly. At higher lati-
tudes, the suspension of homeother-
mic physiology and brain function 
enables an animal to withdraw from 
a hostile world and sustain life for 
months, eking out precious energy 
reserves by reducing metabolic rate 
for part of each day (torpor) or for 
more prolonged intervals (hiberna-
tion). In this way, species from bats 
to bears to rodents extend their geo-
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Hibernation is an extreme resp
about how it is timed or how vi
body temperature. In this issu
complex as an essential coordrecombination. However, recombi-
nation is only mildly reduced in bqt∆ 
cells, whereas it is nearly abolished in 
rec12∆ cells (De Veaux et al., 1992). 
Likewise, loss of the dynein heavy 
chain abolishes horsetail movement 
and confers reduced recombination 
but has little effect on spore viabil-
ity. Thus, it remains possible that the 
extraordinarily conserved meiotic 
bouquet serves additional unantici-
pated functions.
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